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Abstract. Charm mixing and CP violation obscrvablcs are examined in the 
light of the recently reported evidence from LHCb for CP violation in the charm 
sector. If the result is confirmed as being due to direct CP violation at the 1% 
level, its effect will need to be taken into account in the interpretation of CP 
violation observables. The contributions of direct and indirect CP violation to 
the decay rate asymmetry difference AAqp and the ratios of effective lifetimes 
r—t Ap and yep are considered here. Terms relevant to the interpretation of future 

high precision measurements which have been neglected in previous literature are 
identified. 
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Charm, after strange and beauty, is the last system of neutral flavoured mesons where 
CP violation remains to be discovered. While neutral B mesons are characterised 
by their mass splitting leading to fast oscillations and neutral kaons by their width 
splitting which results in a short-lived and a long-lived state, neutral charm mesons 
have a very small splitting in both mass and width. For charm, compared to the 
beauty sector, this leads to rather subtle mixing-related effects in time-dependent as 
well as in time-integrated charm measurements, which are examined in detail here. 

First evidence for CP violation in the charm sector has recently been reported 
by the LHCb collaboration in the study of the difference of the time-integrated 
asymmetries of D° — > K + K~ and D Q — > it + it~ decay rates through the parameter 
AAcp PQ. This measurement is primarily sensitive to the difference in direct CP 
violation between the two final states as discussed further below. Direct CP violation 
depends on the final state and is the asymmetry of the rates of particle and antiparticle 
decays. It can be caused by a difference in the magnitude of the decay rates or by a 
difference in their phase. Indirect CP violation is considered universal, i.e. final-state 
independent, and is an asymmetry in the mixing rate or in its weak phase. 

Indirect CP violation can be measured in time-dependent analyses. To date, two 
types of measurements were used to search for indirect CP violation in the charm 
sector. One uses the asymmetry of the lifetimes, At, measured in D and D° decays 
to the CP eigenstates K + K~ or 7r + 7r~ The other is a time-dependent Dalitz 

plot analysis of -D and D° decays to A"g7r + 7r~ or K®K + K~ [5J [6] . Another observable 
studied related to At is yep, which is given by the deviation from one of the ratio of 
the lifetimes measured in decays to a Cabibbo-allowed, CP averaged, and a Cabibbo- 
suppressed, CP eigenstate, final state. Any deviation of a measurement of yep from 
that of the mixing parameter y would signal CP violation. 

In the interpretation of At and yep, direct CP violation is commonly 
neglected [7]. In the light of the new evidence this assumption is no longer justified. 
The relevance of direct CP violation to a measurement of At has previously been 
pointed out in jSJ. However, a closer look at both A r and yep is necessary to examine 
the contribution of direct and indirect CP violation in these observables as well as 
their connection to AAcp- 

The mass eigenstates of neutral D mesons, -Di^), with masses toi ; 2 and widths 
Ti.2 can be written as linear combinations of the flavour eigenstates \D\p) = p\D°) ± 
q\D°), with complex coefficients p and q which satisfy \p\ 2 + \q\ 2 = I. The average 
mass and width arc defined as m = (mi +m2)/2 and V = (Ti +T2)/2. The D mixing 
parameters are defined using the mass and width difference as x = (m% — mi)/T 
and y = (I^ — ri)/2r. The phase convention of p and q is chosen such that 
CP\D°) = -\D°). 

According to [8] , the time dependent decay rates of D° and D° decays to the final 
state /, which is a CP eigenstate with eigenvalue t\cp, can be expressed as 

r(£>°(t) -»• /) = \c- T \A f \ 2 { (I + \\ f \ 2 ) cosh(yr) + (l - lA^ 2 ) cos(xr) 

+ 2U{Xf) sinh(yr) - 29f(A/) sin(xr)|, 

r(5°(t) -»• /) = \e- T \A f \ 2 { (l + lAj 1 ! 2 ) cosh(yr) + (l - cos(xr) 

+ 29fJ(Aj 1 ) sinh(yr) - 23(Aj 1 ) sin(xr)|, (1) 
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where r = Tt, Af are the decay amplitudes and A/ is given by 
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where rjcp is the CP eigenvalue of the final state / and <j> is the CP violating relative 
phase between q /p and Af/Af. Introducing \q/p\ ±2 ~ l±A m and |^4j /A / 1 ±2 ~ l±Ad, 
one can write 



|Af| 2 «(l±A m )(l±A d ), 



(3) 

where A m represents a CP violation contribution from mixing and Ad from direct CP 
violation and where both A m and Ad are assumed to be small. 

Expanding ([1} up to second order in r one can write the effective lifetimes, i.e. 
those measured as a single exponential, as 



HD(t)^f) 
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l±-(A m + A d ) - -{A 2 m - 2A m A d ) 



Vcp (y cos <t> T % sin < 



=F A m (x 2 + y 2 ) ± 2A m y 2 cos 2 <fi =F 4xy cos 4> sin < 



(4) 



where terms below order 10 -5 have been ignored. The experimental constraints [5] 
give x, y, and Ad for the final states K + K~ and -k + it~ of order 1CT 2 , and A m and 
sin^ of order 10 -1 . The sum of measurements of D° and D° decays leads to the 
definition of the observable yep which is given by 



Vcp 
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\-\{A 2 m -2A m Ad) 



ycoscf) ~ ^{A m + A d )xsm(f> \. (5) 



The difference of measurements of D° and D° decays leads to the parameter Ap which 
is defined as 



A T = (f-f)(f + f)- 1 



-(A m + A d )ycosct)- (l - ^A 2 n ) xsmcj) - A m (x 2 + y 2 ) 



2A m y cos (j> — 4xy cos 4> sin < 



Vcp 



(G) 



1 + yep 

The weak phase (f> has not been assumed to be universal. When averaging 
measurements from different channels, a potential decay-dependent weak phase of 
the amplitude ratio has to be taken into account [S]. Expanding only up to order 
1(T 4 leads to 



Vcp ~ Vcp 



1 



1 



1 ~ a A m yCOS(t>- -(A m )xsmct> 



and 



- (A m + A d )y cos (f) - x sin <j> 



Vcp 



Vcp 



■^(Am + A d )y cos ( 



x sin < 



(7) 



.(8) 



i + yep 

The difference of yep evaluated in (JTJ) from the expression used in literature [7] so 
far is the term vcp\A 2 m y cos <fi, which can be of similar order as \A m x sin0 and 
should therefore not be ignored. Equation © shows that there can be a significant 
contribution to At from direct CP violation. Assuming y = 1% and cos</> = 1, direct 
CP violation at the level of Ad/2 = 1% would lead to a contribution to At of 10 -4 . 
Current measurements yield a sensitivity of a few 10 -3 [2j[3j|4]. Future measurements 
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at LHCb and future B factory experiments are expected to reach uncertainties of 
the level of 10 -4 , i.e. that of the direct CP violation contribution. More precise 
measurements may well change the approximations made in (J7J and ((SJ) , in particular 
a measurement of A m < Ad- 

In time- integrated measurements the rate asymmetry is measured which is defined 

as 

_ T(D° -> /) - T(D° -> /) 
A CP = 7777^ JN , r / 7-7 n 77- ( 9 ) 



Introducing 



^dir 
l CP 



T(D° -». /) + r(£>° -> /) 



_l^/l 2 -l^/l 2 



and using (JTJ), © becomes 



2rk * -\ A - < 10 » 



A cf , k og - A r (l - (ag) 2 )^ ~ - A r -^, (11) 

t r 

where (t) denotes the average decay time of the observed candidates. Terms in (t) 2 
are below order 10 -4 , given current experimental constraints, and have been ignored. 

A common way to reduce experimental systematic uncertainties is to measure 
the difference in time-integrated asymmetries in related final states. For the two-body 
final states K + K~ and 7r + 7r~, this difference is given by 

AA CP = A C p(K+K-) - A CP (7r+7r-) 

= af£(K + K-) - a d c l f(TT+TT-) 

- ArV+K-) <*< g+ *"» + A ri ^-) . (12) 

T T 

Assuming the CP violating phase <f> to be universal |10] this can be rewritten as 

AA CP w Aa d ^ + y cos 0^ + (o^ + ~^ P y cos <fy ^ (13) 

where AX = X{K + R-) - X(7r+7r-), AX = X{K + R-) - X(7r+7r-), and a gp = 
— (A m /2)ycos(j) + xs'mcj). The ratio (t)/r is equal to one for the lifetime-unbiased B 
factory measurements [Til H2] and is 2.083 ± 0.001 for LHCb [J and 2.53 ± 0.02 for 
CDF [13] . thus leading to a correction of Aafjf, of the order of 10~ 2 . The factor A(i)/r 
multiplying the indirect CP violation is zero for the B factory measurements and ranges 
from 0.098 ± 0.003 to 0.26 ± 0.01 for LHCb and CDF, respectively. Therefore, AA C p 
is largely a measure of direct CP violation while an obvious contribution from indirect 
CP violation exists. The contribution from direct CP violation to Ay pointed out in 
{8j leads to a term proportional to y. This term may be of similar size as the term 
proportional to A(t) and should therefore be taken into account. 

In summary, the mixing and CP violation parameters ycPi and AAqp have 
been discussed in the light of the recent evidence for CP violation in the D° sector. 
The parameter yep is least affected by direct CP violation, however, it contains a term 
which has been neglected in the literature so far and which can be of the same order as 
the constribution proportional to x. A measurement of Ar can exhibit a contribution 
of direct CP violation at the level of 10 -4 , comparable to the expected future 
experimental sensitivity. The direct CP violation term in the AAqp measurement 
contains a contribution proportional to y. The interpretation of future high precision 
measurements of these observables will need to take account of these contributions. 
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